ABSTRACT Stopband-improved substrate-integrated waveguide (SIW) triplexer and triple-band filters are presented based on the novel realization method of coupling topologies composed of common triple-mode resonators coupled with multiple single-mode ones. Thanks to the common triple-mode cavities acting as T-junction proposed in our previous work, the three passbands can be flexibly controlled. The utilization of single-mode cavities not only simplifies the control of internal couplings but also supplies more degrees of freedom to stagger the higher order harmonics for stopband improvement. The implementation methodology for SIW triplexer and triple-band filters is presented and three examples including a third-order triplexer and two third-and fifth-order BPFs are synthesized, designed, fabricated, and tested with excellent performances and compact sizes. Good agreement is realized between the measured and the simulated results.
I. INTRODUCTION
Recently, the constant advancement of modern multifunctional and multistandard wireless communication system has proposed enormous demand of advanced microwave and millimeter-wave multiband components. The substrateintegrated waveguide (SIW) technology, as a significant technique with the merits of low-cost, high-performance, high power-capacity, and high-integrity, are widely applied to the design of multiplexers and bandpass filters (BPFs).
For the SIW multiplexers and multiband BPFs, the realization methods can generally be classified into three techniques, where the common one is the coupling matrix synthesis technique realized by inserting several transmission zeros (TZs) into a single wideband to obtain subpassbands [1] - [6] . Even though the symmetrical frequency response can be established, they still suffer from the closely spaced passbands and large circuit sizes. Moreover, another realization method for SIW multiplexers and multiband BPFs is developed as the combination of single passbands and
The associate editor coordinating the review of this manuscript and approving it for publication was Yang Yang. matching networks such as T-junction to form respective channels [7] - [14] , leading to complex design procedures, large sizes, and more insertion losses. To overcome the above demerits, multimode resonators (MMRs) are introduced with several adjustable dominant resonances to form multiband structures without extra matching networks, within which the MMRs are generally parallel-coupled in sequence [15] - [22] . Although compact circuit sizes can be implemented, the limitations on the internal coupling control and the lack of degrees of freedom to improve out-of-band performances still exist. Therefore, a realization method of the fusion of the above two methods, which is realized by the mixed MMRs and singlemode resonators (SMRs), is first proposed in microstrip BPFs [23] and then applied to spatial waveguide triplexers [20] with the advantages of better channel-to-channel isolation, easy control of internal couplings, and more degrees of freedom for better stopband performances. However, when it comes to SIW structures with both high-Q and compact circuit sizes, only diplexers [24] - [26] and dual-band BPFs [18] , [27] , [28] based on this realization method have been proposed using two conventional design degrees of freedom. To the best of authors' knowledge, no SIW triplexers and triple-band BPFs using mixed common triple-mode resonators (TMRs) and SMRs have been reported so far for the lack of design degrees of freedom and suitable TMRs to realize flexibly controlled frequencies and couplings of the three passbands. Also, no SIW triplexers and triple-band BPFs with wide stopband have been presented before.
In this paper, stopband-improved SIW triplexer and tripleband BPFs are presented using novel realization method of coupling topologies with alternately cascaded common TMRs and SMRs, realizing easier coupling control and optimized stopband with miniature size. Based on the triplemode cavities proposed in our previous work [19] whose first three modes can be flexibly controlled, the coupled singlemode cavities are utilized to form the respective channels for more design degrees of freedom to improve the stopband performance. Three examples using specific topologies, including SIW triplexer and triple-band BPFs, are designed for demonstration.
This paper is organized as follows. Section II conducts the investigation of the implementation methodology of novel realization method of coupling topologies for SIW triplexers and triple-band BPFs, and Section III expounds the resonant characteristics and coupling control of the triple-mode cavity.
Sections IV-V demonstrate the comprehensive design procedures of the respective examples including SIW triplexer and triple-band BPFs using different coupling topologies. Sections VI summarizes the comparison between our designs and typical triplexers and triple-band BPFs, and Section VII comes to concise conclusions.
All the prototypes below are fabricated on Rogers RT/Duriod 5880 substrate with the relative dielectric constant ε r = 2.2, thickness h = 0.508 mm, and tanδ = 0.0009. The diameter of the via-holes and the center-to-center pitch are chosen as d = 0.61 mm and p = 1 mm. The simulations are based on Ansoft HFSS 15.0, while the measurements are executed by Agilent N5244A.
II. INVESTIGATION OF THE IMPLEMENTATION METHODOLOGY
In our previous work [19] , the difficulties in triple-mode frequency and coupling control for triple-band BPFs have been solved, and the subsequent challenges including the simplicity of coupling control and the improvement of stopband performance come into our sight. In this regard, the advanced implementation methodology should be put into use by the fusion of triple-mode cavities and respective channels.
Based on the background discussed in introduction, an implementation methodology for triplexers and tripleband BPFs using alternately cascaded common TMRs and SMRs is shown in Fig. 1(a) , where I, II, and III denote the three passbands, respectively. The first j th TMRs (R 1 -R j ) in Group 1 simultaneously resonate at three frequencies acting as a T-junction, providing common channels for the three passbands. As an example, the first SIW triple-band BPF in our previous work [19] is realized by this coupling topology when only these TMRs are utilized (j = 3). 
Afterwards, the (j + 1) th to k th SMRs (R j+1 -R k ) in Group 2 resonate at three frequencies, respectively, forming three respective channels for the three passbands. To demonstrate this situation, the topology of an SIW third-order triplexer is implemented as an example in Fig. 1(b) when the mixed TMRs in Group 1 and SMRs in Group 2 are applied with j = 1 and k = 3. In addition, the added (k + 1) th to l th TMRs (R k+1 -R l ), which simultaneously resonate at three frequencies, can be used to design SIW triple-band BPFs combined with the first two groups of TMRs and SMRs as shown in Fig Compared with conventional triple-band coupling topologies, the ones summarized in this paper are with more compact sizes by using TMRs, with lower losses for the deprecation of T-junction, with more degrees of freedom to improve stopband performance by using SMRs, and with better coupling controllability because of the respective channels.
III. RESONANT CHARACTERISTICS AND COUPLING CONTROL OF PROPOSED CAVITIES A. RESONANT CHARACTERISTICS OF PROPOSED CAVITIES
The common triple-mode cavity perturbed by cross-shaped metallized via-holes, which is first proposed in our previous work [19] , is depicted in Fig. 2 are depicted in Fig. 2(b) . By tuning the cavity side length a and arm length m and n, the first three resonant frequencies of the cavity can be flexibly controlled according to the frequency controlling technique proposed in [19] . Therefore, the initial sizes of the triple-mode cavities which resonate at 11, 12, and 13 GHz in our three designs can be figured out as m = 0.7 mm, n = 2.54 mm, and a = 19.7 mm.
As for the conventional dual-mode rectangular cavities, their dimensions can be determined by the first two resonances, i.e., the fundamental resonance which is used to form the passband and the first higher order mode [29] .
B. COUPLING CONTROL OF PROPOSED CAVITIES
To implement the desired external and internal couplings, coupling controlling techniques for the triple-mode cavity are applied as in our previous work [19] . In this paper, a more direct realization method is utilized that plotting the curves of fractional bandwidth (FBW) instead of external quality factor Q e and mutual coupling M ij . The FBW of each passband can be obtained as
where g 0 , g 1 , and g 2 are the element values of the lowpass prototype filter [30] . Then for the same order and passband ripple, the FBW ratios 2 / 1 and 3 / 1 can be calculated as
Therefore, we could directly analyze the FBWs rather than external couplings with the simple conversions, and the FBWs of the three modes are mainly controlled by the offset t i , the coupling slot length l s , and the width w s . With the opposite trend of Q e as shown in our previous work [19] , the extracted curves of 2 / 1 and 3 / 1 against t i and l s with fixed w s and w i are plotted in Fig. 3 , and the required t i and l s can be read out to satisfy the requirements by the given 2 / 1 and 3 / 1 . After t i and l s have been determined, the w s can then be obtained with unchanged w i -2w s to implement the specific 1 , 2 , and 3 because w s has little impact on 2 / 1 and 3 / 1 . The design method is all applied to the following examples, and the P 1 , P 2 , and P 3 in Fig. 3 correspond to the design points of the following three examples, respectively. In addition, according to (1) and the desired 1 , 2 , and 3 , the internal mutual couplings M ij can be calculated, respectively. After that, the width of each internal coupling window can be determined by the required M ij .
IV. SYNTHESIS AND DESIGN OF SIW TRIPLEXER WITH STOPBAND-IMPROVED RESPONSE A. COUPLING TOPOLOGY AND GEOMETRIC CONFIGURATION
As the coupling topology shown in Fig. 1(b) for an SIW third-order triplexer, the TMR simultaneously resonating at three frequencies and six SMRs resonating at three respective frequencies are used to construct three channels with third-order responses. In our previous work [31] , a simple second-order triplexer has been proposed, and in this paper the third-order one is presented as an expanded and advanced version with better performances and improved stopband. Based on this advanced coupling topology, Fig. 4 shows its geometric configuration composed of common SIW triplemode cavity and conventional rectangular cavities. Four ports VOLUME 7, 2019 with 50-microstrip lines and offset coupling slot lines are set to adjust the FBWs of the three passbands.
B. SYNTHESIS, DESIGN, AND STOPBAND IMPROVEMENT
The third-order triplexer, synthesized with Chebyshev response and 20 dB return loss (RL) for each channel, is centered at f 1 = 11 GHz, f 2 = 12 GHz, and f 3 = 13 GHz (k 1 = f 2 /f 1 = 1.091 and k 2 = f 3 /f 1 = 1.182) with the FBWs for three passbands of 1 = 1.38%, 2 = 1.55%, and 3 = 1.78%, respectively.
To implement the synthesis and design procedures, the first step is to determine the initial dimensions of all cavities. As discussed in Section III-A, m = 0.7 mm, n = 2.54 mm, and a = 19.7 mm are obtained in the triple-mode cavity.
To improve the stopband performance, the higher order harmonics of the single-mode rectangular cavities should be staggered with the ones of the triple-mode cavity as shown in Fig. 5 , which depicts the normalized frequency distribution of the first several leading resonances to the fundamental frequency for all cavities. In this design, the longer side length of each single-mode cavity is set to be equal to that of the triple-mode cavity for simplicity because in this case their higher order harmonics could be staggered exactly as in Fig. 5 , and finally their initial dimensions can be obtained.
Once the initial dimensions of all cavities are determined, the second step is to determine the coupling parameters to realize above 1 , 2 , and 3 . As discussed in Section III-B, after t i and l s are read out for point P 1 in Fig. 3 by the given 2 / 1 and 3 / 1 , the w s can then be obtained with unchanged w i − 2w s . Moreover, the width of each internal coupling window, which relates to the mutual coupling M ij of each passband with the positive correlation, can finally be determined by (1) according to the desired 1 , 2 , and 3 .
C. FABRICATION AND MEASUREMENTS
In the simulation, the optimization design is done. Fig. 6(a) shows the photograph of SIW third-order triplexer, while Figs. 6(b) and (c) give the simulated, the measured, and the theoretical results with average unloaded quality factor Q u = 400. In three channels, the RLs are all better than 17.7 dB while the minimum measured insertion losses are 2.76, 2.72, and 2.14 dB, respectively, and the isolations are better than 40 dB between three channels. The simulated 3-dB bandwidths are 0.216, 0.26, and 0.351 GHz, corresponding to FBWs of 1.96%, 2.17%, and 2.7%, while the measured 3-dB respectively. As can be seen, the first three modes in common triple-mode cavities and the TE 101 modes in single-mode cavities comprise the three channels, respectively.
V. SYNTHESIS AND DESIGN OF SIW FIFTH-ORDER TRIPLE-BAND BPF WITH IMPROVED-STOPBAND RESPONSE A. REALIZATION OF SIW THIRD-ORDER TRIPLE-BAND BPF
After the realization of the triplexer, a third-order triple-band BPF is proposed in Fig. 8 as an example based on the coupling topology in Fig. 1(c) when the resonators in Group 1, 2, and 3 are utilized. The third-order BPF, synthesized with Chebyshev response and 20 dB RL for each passband, is also centered at f 1 = 11 GHz, f 2 = 12 GHz, and f 3 = 13 GHz (k 1 = f 2 /f 1 = 1.091 and k 2 = f 3 /f 1 = 1.182) with the different FBWs for three passbands of 1 = 1.7%, 2 = 1.83%, and 3 = 2.34%, respectively. Based on the synthesis and design, the initial dimensions of all cavities can be obtained. Fig. 9 shows the normalized frequency distribution of the first several leading resonances to the fundamental frequency for all cavities, while Fig. 10 gives the simulated, the measured, and the theoretical results with average Q u = 400 of the fabricated SIW third-order tripleband BPF. However, although the higher order harmonics are designed to be staggered to some extent, the out-ofband suppressions are still unsatisfactory because of the two common triple-mode cavities that hold the same higher order harmonics and the third-order structure that could not supply enough isolation. If we want to improve the stopband performance, more filter orders should be applied to realize better isolations. 
B. COUPLING TOPOLOGY AND GEOMETRIC CONFIGURATION
Even though the third-order triple-band BPF is realized, the passband and stopband responses are still to be improved. Given this fact, a fifth-order triple-band BPF with stopbandimproved response is proposed in Fig. 11 as an example based on the coupling topology in Fig. 1(d) . The added orders supply more design degrees of freedom to realize better stopband performance by staggering their higher order harmonics.
C. SYNTHESIS, DESIGN, AND STOPBAND IMPROVEMENT
The fifth-order BPF, synthesized with Chebyshev response and 20 dB RL for each passband, is also operating at f 1 = 11 GHz, f 2 = 12 GHz, and f 3 = 13 GHz (k 1 = f 2 /f 1 = 1.091 and k 2 = f 3 /f 1 = 1.182) with the FBWs of 1 = 2.37%, 2 = 2.66%, and 3 = 3.41% for three passbands, respectively.
Similarly, the initial dimensions should be determined following the synthesis and design procedures. As discussed in Section III-A and III-B, the initial dimensions of m, n, a, t i , l s , and w s can all be obtained.
To improve the stopband performance, the higher order harmonics of the single-mode rectangular cavities should be staggered with the ones of the triple-mode cavity as shown in Fig. 12 , which depicts the normalized frequency distribution of the first several leading resonances to the fundamental frequency for all cavities. Obviously, the stopband performance of the fifth-order BPF is much better than the third-order one. The initial dimensions of the single-mode cavities can then be determined by their first two resonances.
In future research, if we want to realize better out-of-band suppressions, the dimensions of the three single-mode cavities could be designed differently so as to stagger their first harmonics and enhance the stopband isolations. Fig. 13(a) prints the photograph of the fabricated SIW fifthorder triple-band BPF while Fig. 13(b) gives the simulated, the measured, and the theoretical results in passband and stopband with average Q u = 400, respectively. In three channels, the RLs are all better than 14.4 dB, while the minimum measured insertion losses are 3.7, 3.58, and 2.51 dB, respectively. The simulated 3-dB bandwidths are 0.299, 0.356, and 0.501 GHz, corresponding to FBWs of 2.72%, 2.97%, and 3.85%, while the measured 3-dB bandwidths are 0.312, 0.362, and 0.508 GHz, with FBWs of 2.84%, 3.02%, and 3.91%, respectively. The upper stopband is extended to 1.5f 1 with the rejection level better than 20 dB. Two TZs coming from the placement of the feeding ports and cavities have been generated as summarized in [19] . The final dimensions are listed after Fig. 13 with the overall circuit size of 71.33 mm × 39.87 mm (3.88λg× 2.17λg).
D. FABRICATION AND MEASUREMENTS
Figs. 14(a)-(c) show the simulated electric field magnitude distributions in the fifth-order triple-band BPF at 11, 12, and 13 GHz, respectively. It can be observed that the first three modes in common triple-mode cavities and the TE 101 modes in single-mode cavities dominate the three channels, respectively. Table I tablets the comparison of the performances between our designs and typical SIW triplexers and triple-band BPFs, in which our designs realize better stopband performance with compact sizes. No stopband-improved SIW triplexers and triple-band BPFs have been proposed before. It should be particularly noted that in contrast with integrated triplexers in [8] and [10] , higher realizable frequencies and better isolations can be implemented in our design, and compared with planar BPFs which realized by inserting TZs in [2] and [5] , our BPFs could obtain better upper band responses and higher orders.
VI. COMPARISON

VII. CONCLUSION
In this paper, stopband-improved SIW triplexer and tripleband BPF have been presented based on coupling topologies composed of common triple-mode resonators coupled with multiple single-mode ones. The frequencies and bandwidths of the three passbands can be flexibly controlled and the stopband-improved performances are realized by properly arranging the higher order harmonics of all cavities. Three prototypes including an SIW triplexer and two BPFs, which operate at 11, 12, and 13 GHz, are synthesized, designed, fabricated, and tested. The measured results agree well with the simulated ones. He is currently a Professor with the School of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing, China, where he is also an Associate Director with the Ministerial Key Laboratory of JGMT. He has authored or coauthored over 300 internationally referred journal and conference papers and holds 14 patents. His current research interests include microwave and mm-wave theories and technologies, microwave and mm-wave detection, and multimode compound detection.
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